In this review, we develop the argument that the molecular/cellular mechanisms underlying learning and memory are an adaptation of the mechanisms used by all cells to regulate cell motility. Neuronal plasticity and more specifically synaptic plasticity are widely recognized as the processes by which information is stored in neuronal networks engaged during the acquisition of information. Evidence accumulated over the last 25 years regarding the molecular events underlying synaptic plasticity at excitatory synapses has shown the remarkable convergence between those events and those taking place in cells undergoing migration in response to extracellular signals. We further develop the thesis that the calcium-dependent protease, calpain, which we postulated over 25 years ago to play a critical role in learning and memory, plays a central role in the regulation of both cell motility and synaptic plasticity. The findings discussed in this review illustrate the general principle that fundamental cell biological processes are used for a wide range of functions at the level of organisms.
Introduction
Learning and memory is a property of all living organisms, and thus it must have appeared very early during evolution. Consequently, the underlying cellular mechanism(s), or at least some primitive form(s) of it, must also have appeared very early during evolution. While learning and memory has been reported in unicellular organisms, it is only in more complex organisms that learning and memory has been extensively studied at the molecular and cellular levels. Indeed, some forms of learning and memory have been found in invertebrates as well as in early vertebrates (Benfenati, 2007) . It is generally assumed that learning and memory is due to the plasticity of the nervous system, a notion going back to James, Tanzi and Cajal, over a century ago (see Berlucchi & Buchtel, 2009 for a review). This concept has been further expanded to that of synaptic plasticity, and the search for the mechanisms of learning and memory at the molecular level has thus focused on those mechanisms that can account for activity-dependent modifications of synaptic strength. In this review we will argue that learning and memory is an emerging property of cell motility, a process that also evolved very early in unicellular organisms, and was further developed in multicellular organisms. Nevertheless, the basic machinery used by unicellular organisms to navigate through the environment remained present in every cell of complex organisms and was adapted to serve a variety of functions related to cell division, contraction, extension, movement and cell-cell interactions. As we will discuss, this basic machinery is extremely complex and involves a multitude of molecular components that have evolved and intermingled with other cellular components regulating other cell functions, including cell signaling, transcription and translation. Interestingly, the majority of proteins present in mammalian postsynaptic densities contributes to generic cellular functions, including protein synthesis and degradation, vesicular trafficking and regulation of actin cytoskeleton, and is found in most organisms from yeasts to invertebrates and vertebrates (Emes et al., 2008) . In neurons, the cell motility machinery is used during various phases of developmental growth and expansion, and, we will argue, for producing long-lasting changes in structure and function in certain subcellular compartments, such as dendritic spines in adult organisms. We will first review the basic mechanisms involved in cell motility, focusing on the role of actin polymerization, and of the plasma membrane, which provides for the dynamic integration of major components regulating motility. We will then discuss the specific adaptation of the machinery to neurons, both during development when neurons are actively growing and establishing synaptic connections, as well as in the adult when motility is restricted to specific subcellular compartments. This will be followed by a brief review of the features of and mechanisms underlying synaptic plasticity in adult brain, with an emphasis on long-term potentiation (LTP) of synaptic transmission at hippocampal synapses, a phenomenon widely recognized as one of the mechanisms underlying memory formation in mammalian brain. We will develop the argument that many of the molecular events involved in LTP
